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ABSTRACT
T u r b u le n t  f low  o f  a i r  th ro u g h  e le v e n  a n n u l !  was s t u d i e d .  D iam eter  
r a t i o s  r an g e d  from . 2  t o  . 7 . The R eynolds  numbers r an g e d  from 10,000  
t o  2 6 , 000 .
Of p r im e  i n t e r e s t  was th e  p o s i t i o n  o f  maximum v e l o c i t y .  The 
e f f e c t  of e q u i v a l e n t  d i a m e te r ,  d ia m e te r  r a t i o  and R eyno ld s  number was 
i n v e s t i g a t e d  by h o ld in g  two o f  th e  form er v a r i a b l e s  c o n s t a n t  w h i le  v a ry in g  
th e  t h i r d .  An i t e r a t i o n  p r o c e s s  was d e v is e d  t o  o b t a i n  th e  p o s i t i o n  o f  
maximum v e l o c i t y ,  to  th e  n e a r e s t  .001  o f  an in c h .  The v e l o c i t y  
d i s t r i b u t i o n s  f o r  th e  p o r t i o n  betw een th e  i n n e r  w a l l  and th e  r e g io n  of 
maximum v e l o c i t y  and th e  p o r t i o n  be tw een  th e  o u t e r  w a l l  and th e  r e g io n  
o f  maximum v e l o c i t y  were s o lv e d  f o r  t h e i r  p o i n t  o f  i n t e r s e c t i o n  u s in g  
t h i s  i t e r a t i o n  p r o c e s s .  S in c e  i t  was d i f f i c u l t  t o  o b t a i n  a c o m p le te ly  
c o n c e n t r i c  a n n u lu s ,  th e  e f f e c t s  o f  e c c e n t r i c i t y  were a l s o  s t u d i e d .  At 
th e  same t im e  as  th e  p r e s e n t  i n v e s t i g a t i o n ,  R. G o e l ,  g r a d u a t e  s tu d e n t  
in  th e  M ech an ica l  E n g in e e r in g  d e p a r tm e n t  a t  t h e  U n i v e r s i t y  o f  W indsor, 
was c o n d u c t in g  s t u d i e s  on s e t t l i n g  l e n g th s  f o r  t u r b u l e n t  f lo w  i n  a n n u l i .  
H is  r e s u l t s  have i n d i c a t e d  t h a t  f u l l y  d e v e lo p e d  t u r b u l e n t  f low  does 
e x i s t  i n  a l l  t h e  a n n u l i  u se d  f o r  t h i s  i n v e s t i g a t i o n .
The r e s u l t s  o f  t h i s  s tu d y  show th e  p o s i t i o n  o f  maximum v e l o c i t y  
t o  be in d e p e n d e n t  o f  e q u iv a l e n t  d ia m e te r  and R eyno lds  number. The 
p o s i t i o n  o f  maximum v e l o c i t y  i s  c l o s e r  to  t h e  i n n e r  w a l l  th a n  f o r  
l a m in a r  f low . As th e  d ia m e te r  r a t i o  d e c re a s e d  from  . 7  t h e  p o s i t i o n  o f  
maximum v e l o c i t y  moved c l o s e r  t o  th e  in n e r  t u b e ,  u n t i l ,  a t  a d ia m e te r
i i i
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r a t i o  o f  . 2  t h e  p o s i t i o n  was a p p ro x im a te d  by r m « j  r ^  r g .  The g r e a t e s t  
e c c e n t r i c i t y  e n c o u n te re d  i n  t h i s  work was o f  t h e  o r d e r  o f  + yf>} and was 
shown t o  have  no s i g n i f i c a n t  e f f e c t  on t h e  p o s i t i o n  o f  maximum v e l o c i t y .
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-  o u t e r  r a d i u s  o f  t h e  i n n e r  t u b e  ( i n n e r  r a d i u s  o f  t h e  a n n u lu s )
i n n e r  r a d i u s  o f  th e  o u t e r  tu b e  ( o u t e r  r a d i u s  o f  t h e  a n n u lu s )
-  th e  r a d i u s  o f  t h e  p o i n t  o f  maximum v e l o c i t y
-  o u t e r  d ia m e te r  o f  t h e  i n n e r  tu b e
i n n e r  d ia m e te r  o f  t h e  o u t e r  tu b e
-  e q u iv a l e n t  d ia m e te r
-  v e l o c i t y  a t  r a d i u s  r
-  r a d i a l  l o c a t i o n
th e  a v e ra g e  v e l o c i t y  f o r  t h e  c r o s s  s e c t i o n
th e  maximum v e l o c i t y  f o r  t h e  c r o s s  s e c t i o n
-  R eynolds  number b a s e d  on e q u i v a l e n t  d ia m e te r
-  th e  power f o r  a v e l o c i t y  d i s t r i b u t i o n  betw een th e  i n n e r
w a l l  and th e  p o s i t i o n  o f  maximum v e l o c i t y
-  th e  power f o r  a  v e l o c i t y  d i s t r i b u t i o n  be tw een  th e  p o s i t i o n
o f  maximum v e l o c i t y  and t h e  o u t e r  w a l l
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s h e a r  s t r e s s  a t  i n n e r  w a l l  
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e -  t h e  amount t h e  gap be tw een  th e  two tu b e s  d i f f e r s  from  ( r 2  -  r j
f 0 1
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CHAPTER 1
INTRODUCTION
I t  i s  im p o r t a n t  i n  many h e a t  t r a n s f e r  and  f l u i d  m ec h a n ic s  a p p l i c a t i o n s  
to  know th e  p o i n t  o f  maximum v e l o c i t y  i n  a n n u la r  f lo w .  N u c le a r  r e a c t o r s  
h e a t  e x c h a n g e r s ,  and tu rb o - m a c h in e r y  a r e  t y p i c a l  a p p l i c a t i o n s .  I f  th e  
p o s i t i o n  o f  maximum v e l o c i t y  i s  known th e n  th e  a n n u lu s  can  be d iv id e d  
a b o u t  t h i s  s u r f a c e  o f  no s h e a r  and t h e  e f f e c t s  o f  t h e  i n n e r  and o u t e r  
s u r f a c e s  s e p e r a t e d .  No th e o r y  e x i s t s  w hich  p r e d i c t s  t h i s  p o i n t  f o r  
t u r b u l e n t  f lo w  and o n ly  a l i m i t e d  amount o f  c o n f l i c t i n g  e x p e r im e n ta l  
d a t a  i s  a v a i l a b l e .
Some p r e v io u s  i n v e s t i g a t o r s  have  i n d i c a t e d  t h a t  t h e  p o s i t i o n  of 
maximum v e l o c i t y  c o u ld  be  c o r r e l a t e d  u s in g  t h e  e x p r e s s io n  d e r i v e d  f o r  
l a m in a r  f lo w  b u t  c o n s i d e r a b l e  d e v i a t i o n  from  t h i s  c u rv e  e x i s t s  i n  c e r t a i n  
c a s e s .  The p rim e o b j e c t i v e  o f  t h i s  e x p e r i m e n t a l  work was t o  l o c a t e  th e  
p o s i t i o n  o f  maximum v e l o c i t y  u n d e r  d i f f e r e n t  g e o m e t r i c a l  and f lo w  
c o n d i t i o n s  i n  a n n u l i .  E le v en  a n n u l i ,  w i th  d ia m e te r  r a t i o s  from  .2 0 2  
to  .6 9 3 ,  w ere  t e s t e d  i n  t h e  R eyno ld s  numbers r a n g e  from  1 1 ,0 0 0  to  
8 0 ,0 0 0 .  A method was d e v is e d  t o  o b t a i n  one  s p e c i f i c  v a lu e  f o r  t h e  
r a d i u s  o f  maximum v e l o c i t y  r a t h e r  th a n  d e te r m in e  i t s  l o c a t i o n  d i r e c t l y  
from  th e  v e l o c i t y  p r o f i l e .  P o s s i b l e  v a r i a t i o n  o f  t h e  p o s i t i o n  of maximum 
v e l o c i t y  w i th  e q u i v a l e n t  d i a m e te r ,  d i a m e te r  r a t i o  and R eynolds  number 
was s t u d i e d .
1
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CHAPTER 2
LITERATURE SURVEY
F or l a m in a r  f lo w  i n  an a n n u lu s  t h e  p o s i t i o n  o f  maximum v e l o c i t y  r m 
i s  o b t a i n e d  from
T h is  e q u a t io n  r e s u l t s  from  i n t e g r a t i o n  o f  t h e  N a v ie r  S to k e s  e q u a t io n -  
em ploy ing  t h e  a p p r o p r i a t e  b o unda ry  c o n d i t i o n s .  E x p e r im e n ta l  v a lu e s  o f  
r m have  a g re e d  w i th  t h o s e  o b t a i n e d  from  t h e  t h e o r y  f o r  f u l l y  v i s c o u s  
f low .
E s t a b l i s h e d  c o r r e l a t i o n s  f o r  t u r b u l e n t  f lo w  i n  an a n n u lu s  however 
a r e  n o n - e x i s t e n t .  S in c e  t u r b u l e n t  f lo w  i s  m ost common i n  p r a c t i c e  
numerous i n v e s t i g a t i o n s  have  r e s u l t e d .
R o th fu s  (1 )  i n v e s t i g a t e d  t h e  f lo w  o f  a i r  th ro u g h  a n n u l i  o f  d ia m e te r  
r a t i o s  .1 6 2  and . 650  w i th  an  o u t s i d e  d ia m e te r  o f  a p p ro x im a te ly  5 i n c h e s .  
The R eyno lds  numbers w ere  v a r i e d  from  1 ,0 0 0  to  2 1 ,0 0 0  ( l a m in a r  to  
t u r b u l e n t  r e g i o n ) .  He u sed  smooth b r a s s  p i p e s  s u p p o r t e d  by ro d s  p la c e d  
a t  120 d e g re e  i n t e r v a l s  a ro u n d  a c r o s s - s e c t i o n  l o c a t e d  e v e ry  3 .5  f e e t  
a lo n g  th e  a n n u lu s .  The ro d s  had  d i a m e te r s  from  .0 3 6  t o  .09^- in c h e s  w i th  
a t h r e a d e d  p o r t i o n  a t  th e  p ip e  w a l l .  To e n s u re  t h a t  t h e  f lo w  was f u l l y  
d e v e lo p e d  a 20 f o o t  c a lm ing  l e n g t h  was a l lo w e d .
I n  la m in a r  f lo w ,  • m easured  v a lu e s  o f  r m a g re e d  w i t h  r m c a l c u l a t e d  
from th e o r y .  The o n s e t  o f  t u r b u l e n c e  d i d  n o t  o c c u r  a t  t h e  same R eyno lds
2
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numbers f o r  t h e  in n e r  and o u t e r  p o r t i o n s  o f  t h e  a n n u l i .  When th e  d ia m e te r  
r a t i o  d e c re a s e d  th e  R eyno ld s  number r a n g e  f o r  t r a n s i t i o n  from  la m in a r  
t o  t u r b u l e n t  f lo w  i n c r e a s e d .  R o th fu s  s u g g e s t s  u s in g  th e  e m p i r i c a l  e q u a t io n
I  .  l . o S t f , ' 156 -  .0 6  ( f )
m "m 'm
f o r  th e  e n t i r e  a n n u la r  c r o s s - s e c t i o n .  I n  t u r b u l e n t  f lo w  t h e  p o s i t i o n  of 
maximum v e l o c i t y  c o in c id e d  w i th  th e  la m in a r  v a lu e .
Knudsen and Katz (2) probed  an a n n u lu s  o f  d ia m e te r  r a t i o  .278 a t  
R eyno lds  numbers 9 1 ^ 0 ,  55700 and 69900. T h e i r  r e s u l t s  i n d i c a t e d  t h a t  
t h e  p o s i t i o n  o f  maximum v e l o c i t y  f o r  t u r b u l e n t  f lo w  was a p p ro x im a te ly  
t h e  same a s  i t s  l a m in a r  c o u n t e r p a r t .  N o n -d im en s io n a l  l o g a r i t h m ic  p l o t s  
o f  v e l o c i t y  v e r s u s  p o s i t i o n  i n d i c a t e d  t h a t  th e  f o l l o w in g  v e l o c i t y  
d i s t r i b u t i o n  e q u a t io n s  c o u ld  be used  f o r  t h e  i n n e r  and o u t e r  p o r t i o n s  
o f  t h e  a n n u lu s  r e s p e c t i v e l y :
V .  < ^ V 02
Vm r m -
ikp
-  = ( r 2 -■" " ) ‘Vm ^ 2  -  r m'
T hese  e q u a t io n s  were v a l i d  f o r  Re ^  10,000. They m easu red  th e  r a t i o  
Va v /Vm (a v e ra g e  v e l o c i t y  t o  maximum v e l o c i t y )  which gave  an a v e ra g e  v a lu e  
o f  . 876 , w ith  a ra n g e  o f ,  + 1 .8  p e r  c e n t .
U sing  a n n u l i  o f  d ia m e te r  r a t i o s  .592,  .^05 and .568 Owen ( 5 ) m easured  
p o i n t  v e l o c i t i e s  o f  w a te r  f lo w in g  a t  R eynolds  numbers o f  h,000 to  700,000.  
The p o s i t i o n  o f  maximum v e l o c i t y  was l o c a t e d  a p p ro x im a te ly  . h o f  th e  
d i s t a n c e  betw een th e  i n n e r  and o u t e r  w a l l s .  Near th e  i n n e r  w a l l  t h e  
v e l o c i t y  was h i g h e r  th a n  c l o s e  t o  th e  o u t e r  w a l l .  The shape  o f  t h e
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4v e l o c i t y  d i s t r i b u t i o n  f o r  a g iv e n  a n n u lu s  was d e p e n d en t  on t h e  R eynolds
number. Owen p r e s e n t e d  h i s  d a t a  on lo g  p l o t s  o f  v e l o c i t y  v e r s u s  d i s t a n c e
from  th e  w a l l  f o r  th e  i n n e r  and o u t e r  p o r t i o n s  o f  t h e  a n n u lu s .  The
v e l o c i t y  d i s t r i b u t i o n  c o u ld  be  r e p r e s e n t e d  by  V = a ( r  -  and
V *= b ( r 2  -  r ) ^ 2  f o r  t h e  i n n e r  and o u t e r  s e c t i o n s  r e s p e c t i v e l y .  The 
s lo p e  N a p p e a re d  l e s s  a t  th e  c o r e  w a l l .  As t h e  d i a m e te r  r a t i o  d e c re a s e d  
N d e c re a s e d .
P r e n g le  and R o th fu s  (4 )  i n j e c t e d  dye f i l a m e n t s  i n  w a te r  f lo w in g  a t  
R eyno ld s  numbers o f  200 to  2 ,U00 th ro u g h  a n n u l i  o f  d i a m e te r  r a t i o s  .0 ^ 0 ,  
. 0 5 5 ,  . 0 7 9 ,  .217  and .5 5 8 .  F o r  t h e s e  v i s u a l  s t u d i e s  t h e y  u se d  a  l u c i t e  
o u t e r  tu b e  w i th  v a r i o u s  i n n e r s  mounted u n d e r  t e n s i o n .
T h e i r  s t u d i e s  showed th e  f i r s t  d e v i a t i o n  from  v i s c o u s  b e h a v io u r  
o c c u r r e d  a t  th e  p o s i t i o n  o f  maximum v e l o c i t y  n e a r  a R eyno lds  number o f  
1 ,2 2 5 .  From 1 ,225  to  2 ,1 0 0  R eynolds  number t h e  p o r t i o n  n e a r  t h e  i n n e r  
w a l l  was t u r b u l e n t  w h i l e  t h e  r e s t  was s t i l l  v i s c o u s .  D u r in g  t h i s  same 
ra n g e  o f  R eynolds  numbers r m d e c r e a s e s  p o s s i b l y  t o  e q u a l i z e  t h e  s h e a r  
s t r e s s  a t  t h e  w a l l s .
R o th f u s ,  Monrad, S i k c h i  and H e id e g e r  ( 5 ) a t t a c k e d  t h e  p roblem  from 
a n o th e r  d i r e c t i o n .  They s p r i n g  m ounted th e  i n n e r  tu b e  i n  o r d e r  to  m easu re  
t h e  d ra g  on t h i s  tu b e  d i r e c t l y  from  th e  s p r i n g  d i s p la c e m e n t  d u r in g  t e s t .  
A n n u l i  o f  d ia m e te r  r a t i o s  .5 3 7  an^ .5 ^ 2  w ere employed. P r e s s u r e  drop  
d a t a  m easured  a t  th e  o u t e r  w a l l  gave th e  combined d ra g  on t h e  w a l l s .
From t h e  two d ra g  m easu rem en ts  i t  was p o s s i b l e  to  d e te r m in e  t h e  s h e a r  
s t r e s s  on th e  i n n e r  w a l l  ('7j_) and th e  o u t e r  w a l l  ( ^ 2 )*
■ n -  t  2 2^H = £2  ( rm -  r i  )
^ 2  r l  ( r 2^ -  r ia )
From th e  above e q u a t io n  th e  r a d i u s  o f  maximum v e l o c i t y  was c a l c u l a t e d
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s i n c e  th e  o t h e r  q u a n t i t i e s  w ere  known o r  m easu red .
The change  i n  r m c o in c i d e d  w i th  t h e  p r e v io u s  r e s u l t s  o f  P r e n g le  and 
R o th fu s  i n  t h e  v i s u a l  s t u d i e s .  At R eyno ld s  numbers g r e a t e r  t h a n  1 0 ,000  
r m a p p ro x im a te d  i t s  l a m in a r  v a lu e .
W alker  (6 )  w orked w i th  w a te r  i n  an a n n u lu s  o f  d i a m e te r  r a t i o  . 33 I  
i n  th e  v i s c o u s ,  t r a n s i t i o n a l  and  low er  t u r b u l e n t  r a n g e s .  The p o s i t i o n  
o f  maximum v e l o c i t y  s h i f t s  tow ard  t h e  i n n e r  w a l l  th e n  tow ard  t h e  o u t e r  
w a l l  th e n  b a c k  t o  t h e  l a m in a r  v a lu e  d u r in g  t h e  t r a n s i t i o n a l  r a n g e .  The 
r a t i o  Vav /Vm ( a v e r a g e  v e l o c i t y  t o  maximum v e l o c i t y )  re m a in e d  a t  . 660 
to  a R eyno ld s  number o f  a p p r o x im a te ly  1 ,0 0 0  th e n  r a p i d l y  i n c r e a s e d  to  
.0 8 0  and  c o n t in u e d  c o n s t a n t  t o  a b o u t  3 ,0 0 0 .  From 3 ,0 0 0  t o  3 ,5 0 0  t h e  
r a t i o  i n c r e a s e d  r a p i d l y  t o  .8 1 0 .  Near 3 ,5 0 0  t h e  r a t i o  i n c r e a s e d  
g r a d u a l l y  t o  .81+5 a t  a p p r o x im a te ly  13 ,0 0 0  -  t h e  u p p e r  l i m i t  f o r  th e  
i n v e s  t  i  ga t i o n .
Croop (7 ) c a r r i e d  o u t  an  i n v e s t i g a t i o n  s i m i l a r  to  t h a t  o f  W alker .
He u s e d  w a te r  f lo w in g  th ro u g h  t h r e e  a n n u l i  o f  d ia m e te r  r a t i o s  o f  .0 6 2 ,
.1 9 7  and . 500 .
H is  r e s u l t s  a g re e d  w i th  t h o s e  o f  W alker w i th  r e s p e c t  t o  t h e  v a r i a t i o n  
o f  r m and Vav /Vm w i t h  R eyno ld s  num bers. He n o te d  a l s o  t h a t  t h e  m a g n i tu d e  
o f  t h e  s h i f t  o f  r m depended  on th e  d ia m e te r  r a t i o .  When D]_/D2  i n c r e a s e d  
Vav /Vm was shown t o  i n c r e a s e .
N ic o l  and Medwell ( 8 ) p l o t t e d  t h e  r e s u l t s  o f  p a s t  i n v e s t i g a t o r s  and 
found  t h a t  t h e y  se ldom  f e l l  on t h e  c u rv e
f o r  t u r b u l e n t  f lo w .  They o b s e rv e d  t h a t  t h e  p r e v io u s  c u rv e  and  th e  c u rv e
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r m = [/r]_ V2  e n c lo s e d  most o f  t h e  p o i n t s .  The l a t t e r  e q u a t io n  i s
v a l i d  when "7""]_ = 7~2 w hich  o c c u rs  a s  and r g  become l a r g e  o r  r i / r g
a p p ro a c h e s  u n i t y .  They s u g g e s t e d  t h a t  th e  p o s i t i o n  o f  maximum v e l o c i t y  
m igh t  be a f f e c t e d  by v a i l  c u r v a t u r e  s i n c e  a lo g  p l o t  o f  t h e  v e l o c i t y  
d i s t r i b u t i o n  p ro d u ce s  d i f f e r e n t  powers f o r  each  w a l l .
B r ig h to n  ( 9 ) u se d  aluminum a n n u l i  w i t h  d ia m e te r  r a t i o s  of .0 6 2 5 ,
. 1 2 5 ,  .375  and . 562 . He p ro b ed  th e  a i r  f lo w in g  i n  t h e  a n n u l i  a t  R eynolds  
numbers o f  4 6 ,0 0 0  to  5 2 7 ,0 0 0 .  To o b t a i n  a  s p e c i f i c  l o c a t i o n  f o r  r m two 
p i t o t  tu b e s  (No. 23 hypoderm ic  t u b in g )  w ere p o s i t i o n e d  t o g e t h e r  t o  o b t a i n  
th e  l o c a t i o n  where d v / d r  = 0 o r  r  = r m.
R e s u l t s  showed r m l e s s  t h a n  i t s  l a m in a r  v a lu e  b u t  a s  D1/D2 i n c r e a s e d  
r m a p p ro a c h e d  i t s  l a m in a r  v a lu e .  The r a t i o  ( s h e a r  s t r e s s  -  i n n e r
to  s h e a r  s t r e s s  -  o u t e r )  i s  l e s s  th a n  i n  l a m in a r  f lo w  s i n c e  r m i s  l e s s  
f o r  a g iv e n  Dl/Dg.
U sing  a i r  f lo w in g  a t  R eyno lds  numbers from  1 2 ,0 0 0  t o  100 ,000  i n  
a n n u l i  w i th  d ia m e te r  r a t i o s  o f  . 3 ^ ,  *531 and -78^  O k i i s h i  (10) m easured  
v e l o c i t y  d i s t r i b u t i o n s .  H is  v a lu e s  f o r  r m a p p ro x im a te d  t h e  la m in a r  
v a l u e s .  The e q u a t i o n
I - 1.06 ( f ) ' 136 -  .06 ( t - j
vm 7m 7m
s u g g e s t e d  by R o th fu s  i n  h i s  Ph.D. t h e s i s ,  a p p e a re d  d e p e n d e n t  on R eynolds  
num bers . O k i i s h i  s u g g e s t s  more d a ta  on t h e  p o s i t i o n  o f  maximum v e l o c i t y  
w ould be h e l p f u l  s i n c e  i t  may n o t  f a l l  a t  i t s  l a m in a r  v a lu e .
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CHAPTER 3
THEORY
To i s o l a t e  t h e  e f f e c t s  o f  each  w a l l  on f l u i d  f lo w  w i t h i n  t h e  a n n u lu s
t h e  c r o s s - s e c t i o n  i s  d i v id e d  a t  t h e  p o i n t  o f  z e ro  s h e a r  s t r e s s  which i s
c o i n c i d e n t  w i th  th e  p o i n t  o f  maximum v e l o c i t y .  T h i s  p r o c e d u r e  h as  been
employed by p a s t  i n v e s t i g a t o r s .  I t  i s  assumed t h a t  t h e  p o r t i o n s  o f  t h e
a n n u lu s  be tw een  th e  p o s i t i o n  o f  maximum v e l o c i t y  and t h e  i n n e r  and o u t e r
w a l l s  may b e  r e p l a c e d  by e q u i v a l e n t  p ip e s  b a s e d  on t h e  e q u i v a l e n t  r a d i u s
c o n c e p t .  A lso  i t  i s  assumed t h a t  th e  B l a s i u s  f r i c t i o n  f a c t o r  e q u a t io n  
_ 25
f  = 0 .079  (&e ) " may be u se d  f o r  b o th  t h e s e  p i p e s .  The B l a s iu s
e q u a t io n  i s  c o n s id e r e d  v a l i d  f o r  f lo w  i n  smooth p ip e s  a t  Re <  100 ,000 .
The power - . 2 5  i n  B l a s i u s '  e q u a t io n  i s  r e l a t e d  t o  t h e  1 /7  o f  t h e  power 
v e l o c i t y  d i s t r i b u t i o n  law. S in c e  t h e  powers o f  t h e  v e l o c i t y  d i s t r i b u t i o n s  
f o r  th e  i n n e r  and o u t e r  p o r t i o n s  o f  th e  a n n u lu s  w i l l  d i f f e r  from  1 /7  some 
e r r o r  may be  in d u ce d  by u s in g  t h e  B l a s iu s  e q u a t i o n  w i th  - .2 5 -
The e q u i v a l e n t  d ia m e te r s  f o r  t h e  i n n e r  and o u t e r  p o r t i o n s  a r e  
r e s p e c t i v e l y ;
The c o r r e s p o n d in g  R eynolds  numbers and f r i c t i o n  f a c t o r s  a r e  a s  f o l l o w s ;
Deq = r e p 2 (rm2 ~ r i 2 ) 
r l
R ei
2  ( r m2 -  r i 2 ) Va v l  
r l  1)
7
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8Re _ 2 (r2 -  ) Vav2
.0 7 9  (R e i) - . 2 5
f 2 = .079 (Re2 ) - . 2 5
By e q u a t in g  f o r c e s  a c t i n g  on a d i f f e r e n t i a l  l e n g t h  o f  a n n u la r  f l u i d  t h e  
f o l l o w i n g  e q u a t i o n  may h e  d e r i v e d ;
S in c e
T h e r e f o r e
T :
r  2
T i  
'7'2
, 2 2 . r 2 ( r m -  r j  )




r l  ( r 22 -  
r 2 (rm2 -  r ] 2 )
.25
t 2 2r 2 ( r m -  r j
r 1 ( r 2^ -  r ra2
( V a v l) 
( Vav2 ^
1 .75
2 2 . r l  ( r 2 -  r m





( Vavq) = 
( Vav2 ^
 ^ / 2 2. ,1 .25*2 ( rm ~ r l  ) 
r l  -  r m2 )
S c h l i c h t i n g  ( l o )  g iv e s  t h e  e q u a t io n
Vav _ 2
Vm "  (N+2)(N+1)




f o r  t u r b u l e n t  f lo w  i n  smooth p i p e s .
y -  d i s t a n c e  from  p i p e  w a l l  
R -  r a d i u s  o f  th e  p ip e
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I t  can  be  shown f o r  t h e  two p o r t i o n s  o f  t h e  a n n u lu s  t h a t  t h e  c o r r e s p o n d in g  
v e l o c i t y  d i s t r i b u t i o n s  a r e ;
i . e .
Hq
-  = ( r e q )
V ( Y? f 2
Vm ( re 2/
where Yq = | - m j y q
y i  = r  -  n
y2 = r 2 - r
T h e r e f o r e  Vav i  _  2 ________
Vm "  (H i + 2) (Ml + l )
Vavg- _ 2
Vjjj (W2  + 2)  (ff2 * 1 )
( r o  (rm2 -  r q 2 ) f (Mg + 2.) (H2  + l )
( r l  ( r 2* -  r t i^ )  ) ( (N l + 2 j  (H i + i ;
T h is  e q u a t i o n  g i v e s  t h e  r a d i u s  o f  maximum v e l o c i t y  when t h e  pow ers  f o r  
t h e  v e l o c i t y  d i s t r i b u t i o n s  f o r  t h e  i n n e r  and  o u t e r  p o r t i o n s  o f  t h e  a n n u lu s  
a r e  known. I f  Hq = H2 t h e n  t h e  e q u a t i o n  w i l l  r e d u c e  t o  r m = / r q  r 2 .
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CHAPTER k
EXPERIMENTAL EQUIPMENT
Using  Che s u c t i o n  from a c e n t r i f u g a l  b lo w er  a i r  was drawn th ro u g h  
th e  a n n u l i .  The b low er  was b e l t  d r iv e n  a t  c o n s t a n t  sp e ed  by a 3 H. P. 
m o to r  and th e  assem bly  was s u p p o r te d  by a b a s e p l a t e  on th e  f l o o r  (See  
f i g u r e  18 ) .  The a n n u l i  were made from  t h r e e  s i x - f o o t  l e n g th s  o f  tu b in g  
j o i n e d  t o  g iv e  a f u l l  e ig h t e e n  f e e t .  A t a b l e  was c o n s t r u c t e d ,  u s in g  
" h a n d i  a n g l e " ,  o f  d im ens ions  2 f e e t ,  3 f e e t  and 20 f e e t  long . Plywood 
.7 5  in c h e s  t h i c k  was b o l t e d  on top  o f  t h i s  fram e to  g iv e  a r e f e r e n c e  
s u r f a c e .  R e c ta n g u la r  plywood s u p p o r t s ,  .7 5  in c h e s  t h i c k  were mounted 
a c r o s s  th e  C a b le ,  a t  a p p ro x im a te ly  two f o o t  i n t e r v a l s  from end t o  end 
o f  th e  t a b l e  to p .  To h o ld  th e  s u p p o r t s  p e r p e n d i c u l a r  to  th e  t a b l e  
a n g le  b r a c k e t s  were i n s t a l l e d  betw een th e  s u p p o r t s  and th e  t a b l e  to p .
On a c e n t r e l i n e  s i x  in c h e s  above th e  t a b l e ,  h o l e s  o f  t h e  same d ia m e te r s  
a s  th e  o u t s i d e  o f  t h e  a n n u l i  were c u t  i n  t h e  s u p p o r t s .  When view ed 
a lo n g  th e  l e n g t h  o f  th e  t a b l e  th e  h o l e s  in  t h e  s u p p o r t s  were i n  l i n e .  
Each s u p p o r t  was sawed a lo n g  th e  c e n t r e l i n e  o f  t h e  h o l e s  l e a v in g  
s e m i - c i r c u l a r  h o l e s  in  th e  two p i e c e s .  The two p o r t i o n s  o f  each  
s u p p o r t  w ere h in g e d  t o g e t h e r  a t  one end and clam ped t o g e t h e r  a t  th e  
o t h e r  end. I n  o t h e r  words th e  a n n u l i  were s u p p o r te d  b o th  h o r i z o n t a l l y  
and v e r t i c a l l y  a lo n g  t h e i r  e i g h t e e n  f o o t  l e n g t h  a t  two f o o t  i n t e r v a l s .  
The to p  o f  t h e  s u p p o r t s  c o u ld  th e n  be r a i s e d  to  p e rm i t  th e  a n n u l i  t o  be 
p la c e d  on th e  bo ttom  p o r t i o n  o f  t h e  s u p p o r t s .  The to p s  were th e n  tu r n e d
10
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down and clam ped r i g i d l y  (See  f i g u r e  19 ) .
S ix  f o o t  l e n g th s  o f  c a s t  and e x t r u d e d  A c r y l i c  tu b in g  were c o n n e c te d  
to  form th e  i n n e r  and o u t e r  tu b e s  o f  t h e  a n n u l i .  The i n n e r  tu b e s  were 
h e ld  t o g e t h e r  w i th  aluminum tu b in g  pushed  i n s i d e  t h e  a d j o i n i n g  ends o f  
t h e  t u b e s .  At e i t h e r  end o f  t h e  e i g h t e e n  f o o t  long  i n n e r  tu b e s  
h e m i s p h e r i c a l l y  shaped  wooden p lu g s  w ere  u sed  t o  s e a l  th e  ends so  t h a t  
no a i r  l e a k a g e  c o u ld  t a k e  p l a c e .  The o u t e r  t u b e s  o f  th e  a n n u l i  were 
j o in e d  w i th  e x t e r n a l  aluminum c o l l a r s  w hich  s l i p p e d  o v e r  th e  ends o f  
a d j o i n i n g  t u b e s .  To a s s u r e  a t i g h t  f i t  a l l  j o i n t s  w ere f a c e d  on a  l a t h e .
The i n n e r  tu b e s  w ere  s u p p o r te d  i n  a c o n c e n t r i c  manner i n s i d e  th e -  
o u t e r  tu b e s  by two p in s  p l a c e d  a t  l o c a t i o n s  a p p ro x im a te ly  e v e ry  two f e e t  
a lo n g  t h e  a n n u l i .  T hese  p in s  p a s s e d  th ro u g h  h o l e s  d r i l l e d  i n  th e  i n n e r  
and o u t e r  tu b e s .  The p in s  a t  each  l o c a t i o n  w ere  i n s e r t e d  .5 0  in c h e s  
a p a r t  and a t  r i g h t  a n g le s  t o  one a n o th e r .  The p in s  w ere  c u t  from  . 0^0 
in c h  d r i l l  r o d  and a l l  t h e  h o le s  i n  t h e  t u b e s  w ere  d r i l l e d  w i th  a .0 ^ 0  
in c h  d ia m e te r  d r i l l .  The p in s  w ere a t i g h t  f i t  i n  t h e  d r i l l e d  h o l e s  
and t h e r e f o r e  w ere  n o t  a n c h o re d  i n  any  m anner. D r i l l  j i g s  were m achined  
to  f i t  each  i n n e r  and  o u t e r  tu b e .  They w ere th e n  s l i p p e d  o v e r  th e  
o u t s i d e  o f  t h e s e  t u b e s } and h e ld  i n  p o s i t i o n  on th e  tu b e  by means o f  
s e t s c r e w s .  The j i g s  were o f  s u f f i c i e n t  t h i c k n e s s  t o  g u id e  th e  d r i l l  
d u r in g  i t s  o p e r a t i o n .  Four h o l e s  i n  t h e  j i g  p e r m i t t e d  d r i l l i n g  of t h e  
h o l e s  f o r  two p i n s .  C a r e f u l  u s e  o f  t h e  j i g s  was n e c e s s a r y  to  e n s u re  
t h a t  th e  i n n e r  tu b e s  would  be c e n t r a l l y  l o c a t e d  i n  t h e  o u t e r  tu b e s  when 
a ssem b led  (See  f i g u r e  2 0 ) .  To one end o f  each  a n n u lu s  a  t h r e e  f o o t  
l e n g t h  o f  hose  was clam ped w i th  i n s i d e  d ia m e te r  e q u a l  to  th e  o u t s i d e  
d ia m e te r  o f  th e  o u t e r  tu b e .
On th e  s u c t i o n  s i d e  o f  th e  b low er  a b u t t e r f l y  v a lv e  was p ro v id e d  t o
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c o n t r o l  th e  r a t e  o f  f low . A lso  on t h e  s u c t i o n  s i d e ,  a t h r e e  f o o t  l e n g t h  
o f  2 .7 5  in c h  i n s i d e  d ia m e te r  h o se  was c o n n e c te d  t o  t h e  b lo w e r .  To a f f e c t  
a  s u i t a b l e  c o n n e c t io n  be tw een  t h i s  h o se  and  th e  v a r i o u s  d i a m e te r  h o s e s ,  
1 .2 5  Co 2 .7 5  in c h e s  from th e  a n n u lu s ,  a cone  sh ap ed  t r a n s i t i o n  p i e c e  was 
f a b r i c a t e d .  The s m a l l  end o f  th e  cone  f a c e d  u p s tre a m  tow ard  th e  a n n u lu s .  
The cone was smooth i n s i d e  w i th  t h e  s i d e s  s l o p i n g  a t  se v en  d e g re e s  o r  
l e s s .  On th e  o u t s i d e  o f  t h i s  cone n i n e  c i r c u l a r  s t e p s  w ere  m achined  to  
p r e s e n t  a c lam p in g  s u r f a c e  f o r  t h e  h o s e s  from th e  v a r i o u s  a n n u l i .  When 
a l a r g e  a n n u lu s  was t e s t e d  th e  s m a l l  d ia m e te r  o f  t h e  cone w ould be 
r e s t r i c t i v e  so th e  cone s e p e r a t e d  a t  two p o i n t s .  T h i s  e s s e n t i a l l y  
p ro v id e d  t h r e e  cones w hich  c o u ld  be  j o i n e d  t o g e t h e r  a s  t h e  a n n u l i  t e s t e d  
became s m a l le r  (See  f i g u r e  2 1 ) .
The a c t u a l  p r e s s u r e  m easu rem en ts  w ere  o b t a i n e d  w i t h  a  p i t o t  t u b e ,  
w a l l  t a p  and m icrom anom eter.  At a p p r o x im a te ly  s i x t e e n  and a h a l f  f e e t  
from  th e  open end o f  t h e  a n n u l i  s m a l l  s l o t s  w ere  p r o v id e d  i n  th e  o u t e r  
tu b e s  t o  a l lo w  e n t r y  o f  t h e  p i t o t  t u b e .  D i a m e t r i c a l l y  o p p o s i t e  th e  
p i t o t  tu b e  s l o t s  .0 ^ 0  in c h  d ia m e te r  h o l e s  w ere  d r i l l e d  i n  t h e  o u t e r  t u b e s  
t o ' b e  u s e d  f o r  s t a t i c  p r e s s u r e  r e a d i n g s .  One in c h  s e c t i o n s  o f  . 2 5 O in c h  
o u t e r  d ia m e te r  a c r y l i c  r o d  were f a s t e n e d  t o  t h e  o u t e r  t u b e s  a ro u n d  th e  
. O^ t-0 in c h  d ia m e te r  h o l e s .  As e a ch  a n n u lu s  was t e s t e d  tygon  tu b in g  was 
u se d  to  c o n n e c t  be tw een  t h e  a c r y l i c  r o d  ( w a l l  t a p )  and  th e  m icrom anom eter.  
The p i t o t  tu b e  was made from  No. 23 hypoderm ic  t u b in g  w i t h  .0 2 ^ 2  in c h  
o u t e r  d ia m e te r  and . 012o in c h  i n n e r  d i a m e te r .  A two in c h  S t a r r e t  
m ic ro m e te r  head  was mounted t o  a h o u s in g  w h ich  c o n ta i n e d  th e  p i t o t  tu b e  
a s se m b ly  under  s p r i n g  t e n s i o n .  When t h e  m ic ro m e te r  h a n d le  was tu rn e d  
th e  p i t o t  tu b e  a ssem b ly  fo l lo w e d  a l l o w i n g  a c c u r a t e  p o s i t i o n i n g  t o  .001  
o f  an in c h .  S in c e  th e  p i t o t  tu b e  had  to  be l o c a t e d  s i x  i n c h e s  above th e
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t a b l e  in  a h o r i z o n t a l  p o s i t i o n ,  a heavy  b a s e  t o  s u p p o r t  th e  p i t o t  tu b e  
m ic ro m e te r  h o u s in g  was p ro v id e d .  A th r e a d e d  s h a f t  be tw een  th e  h o u s in g  
and th e  b a s e  c o u ld  be r o t a t e d  t o  p r o v id e  v e r t i c a l  a d ju s tm e n t  (See  
f i g u r e  2 2 ) .  Tygon tu b in g  o f  .125  i n c h  i n s i d e  d ia m e te r  c o n n e c te d  th e  
p i t o t  tu b e  assem b ly  to  th e  m icrom anom eter.  A Meriam 10 in c h  model 
A -  750 m icrom anom eter was u sed  to  o b t a i n  r e a d i n g s  shown i n  t h i s  
i n v e s t i g a t i o n .
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CHAPTER 5
EXPERIMENTAL PROCEDURE
The v a r i o u s  a n n u l i  t e s t e d  were s e l e c t e d  on t h e  b a s i s  o f  t h e  
v a r i a b l e s  t o  be  s t u d i e d .  To s tu d y  t h e  e f f e c t  o f  c h a n g in g  th e  i n n e r  and 
o u t e r  tu b e  d i a m e te r s  f i v e  a n n u l i  w ere u se d  h a v in g  v a r i o u s  e q u i v a l e n t  
d i a m e te r s  b u t  a p p ro x im a te ly  t h e  same d i a m e te r  r a t i o s .  The e f f e c t  o f  
c h a n g in g  t h e  d i a m e te r  r a t i o  was i n v e s t i g a t e d  w i th  f i v e  a n n u l i  w i t h  
a p p ro x im a te ly  t h e  same e q u i v a l e n t  d i a m e te r  b u t  h a v in g  d i a m e te r  r a t i o s  
r a n g in g  from  .2  t o  . 7 . Some a n n u l i  u se d  f o r  t h e  f i r s t  s tu d y  a l s o  
s a t i s f i e d  t h e  im posed c o n d i t i o n s  f o r  t h e  second  s tu d y .  The R eynolds  
num bers w ere h e l d  a t  a b o u t  1 3 ,0 0 0 .  One a n n u lu s  was s e l e c t e d  f rom  t h e  
mid r a n g e  o f  t h e  e q u i v a l e n t  d i a m e te r s  and  d i a m e te r  r a t i o s  b e i n g  u s e d .
The R eynolds  numbers w ere v a r i e d  i n  t h i s  a n n u lu s  from  1 0 ,0 0 0  t o  t h e  
l i m i t  o f  t h e  b lo w e r .  R e s t r i c t i o n s  p l a c e d  on t h e  above a n n u l i  were 
s a t i s f i e d  a s  c l o s e l y  a s  p o s s i b l e  w i t h i n ' t h e  r a n g e  o f  a v a i l a b l e  t u b e s .
ECCENTRICITY
The a n n u lu s  p r e v i o u s l y  employed was a l s o  t e s t e d  w i th  t h e  i n n e r  
tu b e  h e ld  s l i g h t l y  e c c e n t r i c  w i th  r e s p e c t  t o  t h e  o u t e r  t u b e .  S in c e  i t  
was v e r y  d i f f i c u l t  t o  mount t h e  i n n e r  tu b e  i n  a  c o n c e n t r i c  m anner w i t h i n  
t h e  o u t e r  tu b e  t h i s  t e s t  would i n d i c a t e  t h e  e f f e c t  o f  s l i g h t  e c c e n t r i c i t y  
on t h e  p o s i t i o n  o f  maximum v e l o c i t y .  The f lo w  was c o n t r o l l e d  t o  g iv e  
a  R eynolds  number o f  a p p r o x im a te ly  1 3 ,0 0 0 .
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VELOCITY DISTRIBUTIONS
The v e l o c i t y  d i s t r i b u t i o n s  betw een th e  r e g i o n  o f  maximum v e l o c i t y  
and  t h e  i n n e r  o r  o u t e r  w a l l s  o f  th e  a n n u lu s  c o u ld  be  r e p r e s e n t e d  as  
power law s. When v e l o c i t y  v e r s u s  d i s t a n c e  from  th e  w a l l  was p l o t t e d  on 
l o g a r i t h m i c  g rap h  p a p e r  a s t r a i g h t  l i n e  r e s u l t e d .  The s lo p e  o f  t h e  l i n e
r e p r e s e n t e d  th e  power (N) i n  th e  e q u a t i o n  [ v e l o c i t y  = c o n s t a n t  x  ( d i s t a n c e
Nfrom  w a l l )  ] .  From th e  s lo p e s  th e  powers f o r  t h e  two e q u a t i o n s  
r e p r e s e n t i n g  th e  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  i n n e r  and o u t e r  p o r t i o n s  
o f  th e  a n n u lu s  w ere  o b t a i n e d .  The powers w ere u sed  t o  l o c a t e  a u n iq u e  
v a lu e  f o r  th e  p o s i t i o n  o f  maximum v e l o c i t y .  T h is  l e d  t o  i n t e r e s t  i n  t h e  
pow ers . A l a r g e  o u t e r  tu b e  was s e l e c t e d  to  be t e s t e d  w i t h  f o u r  d i f f e r e n t  
i n n e r  tu b e s  o f  v a r i o u s  o u t e r  d i a m e te r s .  T h i s  would i n d i c a t e  t h e  e f f e c t  
o f  c h a n g in g  th e  i n n e r  t u b e ,  on th e  powers a t  t h e  i n n e r  and o u t e r  w a l l s .
A gain  t h e  R eynolds  numbers w ere  a p p ro x im a te ly  1 3 ,0 0 0 .
A i r  t e m p e r a tu r e  and b a r o m e t r i c  p r e s s u r e  w ere m easu red  u s in g  a 
therm om ete r  and a  b a ro m e te r  l o c a t e d  i n  t h e  l a b o r a t o r y .  S in c e  th e  R eynolds  
number, t e m p e r a t u r e ,  b a r o m e t r i c  p r e s s u r e  and  e q u i v a l e n t  d ia m e te r  a r e  known 
t h e ' a v e r a g e  v e l o c i t y  may be  c a l c u l a t e d .  Knudsen and K atz  (2) m easu red  th e  
r a t i o  o f  a v e ra g e  to  maximum v e l o c i t y  a p p r o x im a te ly  e q u a l  to  , 8 7 6 . U sing  
t h i s  th e  maximum v e l o c i t y  may b e  d e te rm in e d .  Knowing t h e  maximum v e l o c i t y  
t h e  maximum p r e s s u r e  i s  c a l c u l a t e d .  The p i t o t  tu b e  was l o c a t e d  a t  . lj- of  
t h e  d i s t a n c e  from th e  i n n e r  w a l l  to  th e  o u t e r  w a l l  a s  s u g g e s t e d  by Owen ( 3 ) 
and th e  b u t t e r f l y  v a lv e  a d j u s t e d  to  g iv e  t h e  maximum p r e s s u r e  c o r r e s p o n d in g  
to  t h e  R eyno ld s  number d e s i r e d .
The a c t u a l  a v e ra g e  v e l o c i t y  in  each  c a s e  was o b t a i n e d  from  p r e s s u r e  
r e a d i n g s  ta k e n  a t  tw en ty  p o i n t s  r e p r e s e n t i n g  tw e n ty  e q u a l  a r e a  s e c t i o n s  
o f  t h e  a n n u lu s  c r o s s  s e c t i o n .  A com puter p rogram  was w r i t t e n  w i th
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i n p u t s  o f  i n n e r  d i a m e te r  and  o u t e r  d i a m e te r  o f  t h e  a n n u l u s ,  and  o u tp u t s  
o f  p o s i t i o n s  r e p r e s e n t i n g  t h e  tw e n ty  e q u a l  a r e a  s e c t i o n s .  A d d i t i o n a l  
p o i n t s  w ere  p r o v id e d  b e tw e en  t h e  a p p ro x im a te  l o c a t i o n  o f  t h e  p o s i t i o n  
o f  maximum v e l o c i t y  and t h e  i n n e r  t u b e  s in c e  t h e  p o s i t i o n s  r e p r e s e n t i n g  
e q u a l  a r e a  w ere w id e ly  s p a c e d  i n  t h i s  r e g i o n .  T h is  gave  t h i r t y - t w o  
l o c a t i o n s  on a  r a d i u s  b e tw e e n  t h e  i n n e r  and  o u t e r  w a l l s  o f  t h e  a n n u lu s  
f o r  p r e s s u r e  r e a d i n g s .
The o u t e r  d i a m e te r  o f  t h e  i n n e r  t u b e s  c o u ld  b e  m ea su red  w i t h  a  
m ic r o m e te r  a t  t h e  t e s t  s e c t i o n s  p r i o r  t o  t h e  a s se m b ly  o f  t h e  a n n u l i .
The i n s i d e  d i a m e te r s  o f  t h e  o u t e r  t u b e s  w ere  m easu red  i n d i r e c t l y .  The 
. i n s i d e  d i a m e te r s  o f  t h e  t u b e s  w ere  m easu red  a t  b o t h  ends  t o  .001  o f  an 
i n c h .  B ased  on a  l i n e a r  change o f  d i a m e te r ,  i f  p r e s e n t ,  b e tw e en  t h e  
two p o i n t s  m easu red  t h e  d i a m e t e r  a t  t h e  t e s t  s e c t i o n  was a p p ro x im a te d .
The p r e s s u r e  d i f f e r e n c e  b e tw e en  t h a t  s e n s e d  b y  t h e  p i t o t  and  w a l l  
t a p  was m easu red  a t  t h e  m ic rom anom ete r  t o  .001  o f  an  i n c h  o f  w a t e r .
Am bient a i r  t e m p e r a tu r e  c o u ld  be  r e c o r d e d  t o  t h e  n e a r e s t  0 .1 ° F .  B a ro m e t r ic  
p r e s s u r e  was o b t a i n e d  t o  t h e  n e a r e s t  .0 1  i n c h e s  o f  m e rc u ry .
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TABLE OF ANNULI TEST CONDITIONS AND NOTATION:
Annulus r i  T£ r l / r 2 D2 “ °1  Re* Va v . E c c e n t r i c i t y
T e s t  No. i n .  i n .  i n .  f t . / s e c .  i n .
1 .626 1.241 .504 1.230 12,767 21. O63 gap .000
2 '  .435 1.005 .432 l .  i4o 13,908 24,138 gap + .012
3 .317 .751 .422 ...868 14,253 32.305 gap + .001
4 .581 - .751 .507 .740 13,139 36.303 gap + .000
5 .250 .505 .495 .510 13,280 53.057 gap - .002
6 .867 1.241 .698 .748 12,658 34.306 gap - .003
7 .625 1.005 .621 .760 12,949 34.001 gap - .003
8 .136 .505 .269 .738 12,609 35.135 gap - .002
9 (a) .381 .751 .507 .740 11,129 30.644 gap .000
9 (b) .381 .751 .507 .740 13,139 36.303 gap + .000
9 (c) .381 .751 .507 .740 17,493 48.426- gap + .000
9 (d) .381 .751 .507 .740 22,440 62.191 gap + .000
9 ( e ) .381 .751 .507 .740 25,770 70.980 gap + .000
10 (a) .381 .751 .507 .740 13,309 36.608 gap + .000
10 (b) .381 .751 .507 .740 13,511 37. o64 gap + .015
10 (c) .381 .751 .507 .740 13,476 37.041 gap + .009
10 (d) .381 .751 .507 .740 13,006 55-779 gap - .009
10 (e) . 38I .751 .507 .740 13,013 35.798 gap - .015
11 .251 1.241 .202 1.980 17,782 18.318 gap
+ .000
12 .381 1.241 .307 1.720 17,433 20.694 gap
+ .000
13 .435 1.241 .350 1.612
16,968 21.546 gap + .000
14 .626 1.241 .504 1.230 17,289 28.773
gap + .000
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CHAPTER 6
DATA PROCESSING
A l l  e x p e r i m e n t a l  d a t a  was r e d u c e d  u s i n g  an IBM 1620 compute r .  
C o n s i d e r i n g  a r e p r e s e n t a t i v e  p i t o t  t u b e  t r a v e r s e ,  t h e  i n p u t s  t o  t h e  
compute r  were  i n n e r  d i a m e t e r ,  o u t e r  d i a m e t e r ,  b a r o m e t r i c  p r e s s u r e ,  a i r  
t e m p e r a t u r e ,  t h i r t y - t w o  r a d i a l  p o s i t i o n s  and t h i r t y - t w o  p r e s s u r e  r e a d i n g s .  
The compute r  p r i n t e d  t h e  f o l l o w i n g ;  d i a m e t e r  r a t i o ,  e q u i v a l e n t  d i a m e t e r ,  
a v e r a g e  v e l o c i t y ,  Reynolds  number ,  v e l o c i t i e s ,  r a d i i  ( c o r r e c t e d  f o r  
e f f e c t i v e  c e n t r e  d i s p l a c e m e n t ) ,  d i s t a n c e  f rom t h e  i n n e r  w a l l  ( c o r r e c t e d ) ,  
d i s t a n c e  f rom t h e  o u t e r  w a l l  ( c o r r e c t e d ) ,  power ( w i t h  c o r r e l a t i o n  
c o e f f i c i e n t )  f o r  t h e  i n n e r  w a l l  v e l o c i t y  d i s t r i b u t i o n  e q u a t i o n ,  power 
( w i t h  c o r r e l a t i o n  c o e f f i c i e n t )  f o r  t h e  o u t e r  w a l l  v e l o c i t y  d i s t r i b u t i o n  
e q u a t i o n ,  t h e  p o s i t i o n  o f  maximum v e l o c i t y ,  t h e  r a t i o s  o f  v e l o c i t i e s  t o  
maximum v e l o c i t y ,  and t h e  r a t i o s  o f  ( t h e  r a d i i  ( c o r r e c t e d )  minus t h e  
i n n e r  r a d i u s )  d i v i d e d  by ( t h e  o u t e r  r a d i u s  minus t h e  i n n e r  r a d i u s ) .
Us ing t h e  s t a t i s t i c a l  method o f  l i n e a r  r e g r e s s i o n  t h e  computer  l o c a t e d  
t h e  l i n e  o f  b e s t  f i t  f o r  l o g  ( v e l o c i t y )  = l o g  a  + N l o g  ( d i s t a n c e  from 
t h e  w a l l ) .  The power f o r  t h e  v e l o c i t y  d i s t r i b u t i o n  e q u a t i o n  i s  "N". 
C o r r e l a t i o n  c o e f f i c i e n t s  i n d i c a t e d  how w e l l  t h e  d a t a  f o l l o w e d  t h e  l i n e  
s e l e c t e d .
The powers  f o r  t h e  i n n e r  and o u t e r  w a l l s  were  u s e d  i n  an i t e r a t i o n  
p r o c e s s  t o  f i n d  where t h e  two v e l o c i t y  d i s t r i b u t i o n s  i n t e r s e c t  o r  t h e  
p o i n t  of  maximum v e l o c i t y .  T h i s  p r o c e s s  d e t e r m i n e d  t h e  r a d i u s  o f  maximum 
v e l o c i t y  t o  t h e  n e a r e s t  . 001  o f  an i n c h .
18
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CHAPTER 7
RESULTS
The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a r e  shown on f i g u r e s  one t o  
s e v e n t e e n .  F i g u r e s  1 ,  3 ,  6 ,  9 a n <* 10 p r e s e n t  t h e  b a s i c  v e l o c i t y  d a t a .  
The o t h e r  f i g u r e s  show more d e t a i l e d  i n f o r m a t i o n  on t h e  p o s i t i o n s  o f  
maximum v e l o c i t y ,  t h e  r a t i o s  o f  a v e r a g e  v e l o c i t y  t o  maximum v e l o c i t y ,  
t h e  v e l o c i t y  d i s t r i b u t i o n s  and t h e  e f f e c t s  o f  e c c e n t r i c i t y .
F i g u r e  2 shows t h a t  t h e  p o s i t i o n s  o f  maximum v e l o c i t y  do n o t  v a r y
w i t h  e q u i v a l e n t  d i a m e t e r s  i f  t h e  d i a m e t e r  r a t i o s  and R e yno ld s  numbers
a r e  h e l d  c o n s t a n t .  I f  a l l  f i v e  a n n u l i  had d i a m e t e r  r a t i o s  e q u a l  t o  . 5
t h e n  t h e y  would have  a p p r o x i m a t e d  t h e  h o r i z o n t a l  l i n e  shown. T e s t
numbers  2 and  3 d e v i a t e  f o r  t h i s  r e a s o n .  When c o r r e c t i o n s  were  a p p l i e d
t o  p o i n t s  2 and 3 , a s  i n d i c a t e d  by t h e  d a rk e n e d  p o i n t s ,  d e v i a t i o n s  f rom
2 2ot h e  l i n e  were  n o t  g r e a t e r  t h a n  \  Pe r  c e n t -
F i g u r e  ^  d e m o n s t r a t e s  a  d e f i n i t e  r e l a t i o n  b e tw e en  t h e  p o s i t i o n s  
o f  maximum v e l o c i t y  and  d i a m e t e r  r a t i o .  E q u i v a l e n t  d i a m e t e r s  and 
R eynolds  numbers  were  h e l d  c o n s t a n t  d u r i n g  t h e s e  t e s t s .  T h i s  t r e n d  i s  
s i m i l a r  t o  t h a t  found  by p a s t  i n v e s t i g a t o r s .  As t h e  d i a m e t e r  r a t i o s  
d e c r e a s e  t h e  p o s i t i o n s  o f  maximum v e l o c i t y  move to w a rd  t h e  i n n e r  t u b e .
F i g u r e  5 p r e s e n t s  t h e  p o s i t i o n s  o f  maximum v e l o c i t y  f o r  a l l  t h e  
d i a m e t e r  r a t i o s  t e s t e d  r e g a r d l e s s  o f  e q u i v a l e n t  d i a m e t e r s  o r  Reyno lds  
numbers .  The d a r k  c i r c l e s  i n d i c a t e  t h e  p o s i t i o n s  o f  maximum v e l o c i t y  
m ea su red  by  B r i g h t o n  ( 9 ) -  The c u r v e  r ^  = ^ 2  s u g g e s t e d  by N i c o l
and Medwell  ( 8 ) i s  shown w i t h  t h e  c u r v e
19
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The p o s i t i o n s  o f  maximum v e l o c i t y  show a t r e n d  f rom  t h e i r  l a m in a r  
l o c a t i o n s  a t  d i a m e t e r  r a t i o s  o f  abou t  . 6  t o  t h e  l o c a t i o n s  s p e c i f i e d  by 
r m = / r l  r 2 a t  d i a m e t e r  r a t i o s  o f  a bou t  . 2 .  The p o i n t s  f rom B r i g h t o n ' s  
r e s e a r c h  ( 9 ) a g r e e  w i t h  t h i s  t r e n d  f rom  d i a m e t e r  r a t i o s  o f  . 2  t o  . 7  ( t h e  
s c ope  o f  t h i s  i n v e s t i g a t i o n ) .  At d i a m e t e r  r a t i o s  o f  l e s s  t h a n  . 2  a 
c o n t i n u a t i o n  o f  t h i s  t r e n d  may b e  i n  q u e s t i o n .  B r i g h t o n ' s  r e s u l t s  f o r  
d i a m e t e r  r a t i o s  l e s s  t h a n  . 2  d i s a g r e e  w i t h  p o s s i b l e  c o n t i n u a t i o n  o f  t h e  
t r e n d .  The f a c t  t h a t  t h e  p o i n t s  shown i n  f i g u r e  h do n o t  d e v i a t e  f rom 
t h e  t r e n d  shown i n  f i g u r e  5 when p l o t t e d  w i t h  o t h e r  e x p e r i m e n t a l  v a l u e s ,  
h a v in g  v a r i o u s  e q u i v a l e n t  d i a m e t e r s ,  f u r t h e r  s u p p o r t s  t h e  r e s u l t s  o f  
f i g u r e  2 .
F i g u r e  7 i n d i c a t e s  t h a t  v a r i a t i o n  i n  R e yno ld s  numbers  does  n o t  a f f e c t  
t h e  p o s i t i o n s  o f  maximum v e l o c i t y  when d i a m e t e r  r a t i o s  and e q u i v a l e n t  
d i a m e t e r s  a r e  c o n s t a n t .  The Reyno lds  numbers  r a n g e d  f rom  11 ,0 00  to  
2 6 ,0 0 0 .  R o t h f u s  and c o - w o r k e r s  ( 1 ) ,  ( i f ) ,  ( 1 5 ) ,  ( 6 ) and  (7 ) found t h e  
p o s i t i o n s  o f  maximum v e l o c i t y  t o  be  c o n s t a n t  a t  t h e i r  l a m i n a r  v a l u e s  
f o r  Reynolds  numbers  g r e a t e r  t h a n  10 ,000 .  The above  r e s u l t s  i n d i c a t e  
t h a t  t h e  p o s i t i o n s  a r e  c o n s t a n t  b u t  c l o s e r  t o  t h e  i n n e r  t u b e s  t h a n  i n  
t h e  c a s e  o f  l a m in a r  f lo w .
The u p p e r  c u rv e  i n  f i g u r e  8  i s  f o r  an a n n u lu s  w i t h  a d i a m e t e r  r a t i o  
. 5 0 7  and an e q u i v a l e n t  d i a m e t e r  o f  . Y^f-O i n c h e s .  An a n n u lu s  o f  d i a m e te r  
r a t i o  a p p r o x i m a t e l y  . 2  and an e q u i v a l e n t  d i a m e t e r  o f  a p p r o x i m a t e l y  
2 i n c h e s  was t e s t e d  t o  o b t a i n  t h e  lower c u r v e .  The l a t t e r  a n n u lu s  was 
u s e d  i n  p r e l i m i n a r y  t e s t s .  The p i n s  were made f rom  . 0 9 5  i n c h  d i a m e te r  
r o d .  The s e c t i o n s  wh ich  b l o c k e d  t h e  f lo w  were  f i l e d  t o  g i v e  an
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
21
aerodynamic  p r o f i l e .  S i n c e  t h e  amount o f  e c c e n t r i c i t y  was n o t  checked  
a c c u r a t e l y  t h e s e  r e s u l t s  do n o t  have t h e  same d e g r e e  o f  a c c u r a c y  as  t h e  
o t h e r s  c o n t a i n e d  i n  t h i s  i n v e s t i g a t i o n .  They were i n c l u d e d  t o  show t h a t  
as  t h e  d i a m e t e r  r a t i o  i s  d e c r e a s e d  t h e  v a l u e  o f  a v e ra g e  v e l o c i t y  t o  
maximum v e l o c i t y  a l s o  d e c r e a s e s .  Croop (7 ) found  t h i s  t o  be t h e  c a s e  
a t  lower Reyno lds  number v a l u e s .  Both Walker ( 6 ) and Croop ( 7 ) ha ve  
i n d i c a t e d  t h a t  a t  a bou t  11 ,000  t o  13 ,000  Reynolds  numbers ( t h e  uppe r  l i m i t  
o f  t h e i r  work) t h e  o r d i n a t e  i s  s t i l l  i n c r e a s i n g  s l i g h t l y .  T h i s  o c c u r s  
i n  f i g u r e  8 b u t  f rom 15 ,000  t o  2 0 ,0 0 0  upwards t h e  c u r v e  i s  a lm os t  f l a t .  
N i k u r a d s e ' s  work (15) w i t h  t u r b u l e n t  f lo w  i n  p i p e s  i n d i c a t e d  a  s i m i l a r  
f l a t t e n i n g  of  t h e  c u r v e  above Reynolds  numbers o f  10 ,000 .  Knudsen and 
Katz  (2)  m easured  a v e r a g e  v e l o c i t y  t o  maximum v e l o c i t y ,  e q u a l  t o  .8 7 6  
+ 1 .8  p e r  c e n t .  The r e s u l t s  shown i n  f i g u r e  8 f a l l  w i t h i n  t h i s  r a n g e .
The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  show t h i s  r a t i o  e q u a l  t o  .8 7 8  + 1 . 7  
p e r  c e n t .
F i g u r e  11 d e m o n s t r a t e s  t h e  l a c k  o f  c o r r e l a t i o n  be tween  t h e  powers
o f  t h e  v e l o c i t y  d i s t r i b u t i o n s  [ v e l o c i t y  = c o n s t a n t  x  ( d i s t a n c e  from
Nw a l l )  ] f o r  t h e  i n n e r  and o u t e r  w a l l s  and t h e  e q u i v a l e n t  d i a m e t e r s .  
S i m i l a r l y  f i g u r e  12 shows no t r e n d  be tween  t h e  powers and t h e  d i a m e te r  
r a t i o s .  The powers were  d e te r m in e d  by t h e  compute r .  A l l  t h e  c o r r e l a t i o n  
c o e f f i c i e n t s  were g r e a t e r  t h a n  . 9 9 0  -  i l l u s t r a t i n g  t h e  " goodness  o f  f i t " .
F i g u r e  13 i n d i c a t e s  t h a t  f o r  Reynolds  numbers g r e a t e r  t h a n  15 ,000  
t h e r e  i s  e s s e n t i a l l y  no change i n  powers  a s  t h e  Reynolds  numbers a r e  
i n c r e a s e d  to  26 ,0 0 0 .  S inc e  the  r an g e  o f  Reynolds  numbers t e s t e d  was s m a l l  
no change  was a n t i c i p a t e d .  The d a t a  o f  N i k u r a d s e  ( 15 ) f o r  t u r b u l e n t  f lo w  
i n  p i p e s  i n d i c a t e d  a change i n  powers  f rom . lhp  Co .1 0 0  f o r  a change i n  
Reynolds  numbers f rom *1,000 t o  3 , 2 h 0 ,0 0 0 .  The r e a s o n  f o r  t h e  l a r g e  change
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in  powers a t  Reynolds  number 11 ,129  I s n o t  f u l l y  u n d e r s t o o d .  P o s s i b l y  
f u l l y  d e ve lope d  t u r b u l e n t  f low  does n o t  e x i s t  a c r o s s  t h e  e n t i r e  c r o s s -  
s e c t i o n .  Above 13 ,0 00  t h e  f low  i s  f u l l y  d e v e lo p e d .
F i g u r e  ll» g i v e s  t h e  e f f e c t  o f  e c c e n t r i c i t y  on t h e  powers f o r  t h e  
v e l o c i t y  d i s t r i b u t i o n s .  S i n c e  a l l  t h e  a n n u l i  l i s t e d  were w i t h i n  t h e  l i m i t s  
+ 2 . 1  p e r  c e n t  and -  0 . 8  pe r  c e n t  e c c e n t r i c i t y  t h e  e r r o r s  i n  t h e  powers  
measured  s h o u ld  be no g r e a t e r  t h an  t h e  o r d e r  o f  m agn i tude  o f  + 1 .5  p e r  c e n t .
I t  i s  f e l t  t h a t  t h e  powers s h o u ld  depend on t h e  i n n e r  d i a m e t e r ,  o u t e r  
d i a m e t e r  and the  e q u i v a l e n t  d i a m e t e r .  P o s s i b l y  t h e  e f f e c t  o f  e a c h ,  works 
in  such a manner  as  t o  h id e  any t r e n d  be tween  t h e  powers  and one o f  the  
v a r i a b l e s .  The o u t e r  d i a m e t e r  was h e l d  c o n s t a n t  a t  2 . ^ 8 2  i n c h e s  and th e  
i n n e r  tu b e  s i z e  v a r i e d .  F i g u r e  15 p r e s e n t s  t h e  r e s u l t s  f rom t h i s  s tu d y .
The uppe r  c u rv e  shows th e  change  of  t h e  power f o r  t h e  v e l o c i t y  d i s t r i b u t i o n  
be tween  the  p o i n t  o f  maximum v e l o c i t y  and t h e  o u t e r  t u b e  as  t h e  i n n e r  
d i a m e t e r  i s  i n c r e a s e d .  Up t o  an i n n e r  d i a m e t e r  o f  . 8 7 0  i n c h e s  t h e  powers 
d e c r e a s e .  The p redom inan t  e f f e c t  i n  t h i s  r e g i o n  may be t h e  c u r v a t u r e  of 
t h e  i n n e r  t u b e .  As th e  d i a m e t e r  i s  i n c r e a s e d  f u r t h e r  p o s s i b l y  a c o n ta in m e n t  
or  gap e f f e c t  p r e d o m i n a t e s  and t h e  powers  i n c r e a s e .  The lower c u rv e  r e f e r s  
t o  t h e  powers f o r  t h e  p o r t i o n  of  t h e  a n n u l i  be tween t h e  p o i n t  o f  maximum 
v e l o c i t y  and the  i n n e r  t u b e .  To an i n n e r  d i a m e t e r  o f  .782  i n c h e s  t h e  i n n e r
tube  c u r v a t u r e s  a p p e a r  t o  i n c r e a s e  t h e  powers .  Above .782  i n c h e s  a
c o n ta i n m e n t  e f f e c t  seems p r e d o m in a n t .  T h i s  c a u s e s  a d e c r e a s e  i n  t h e  powers .  
S in c e  t h e  powers v a r y  o n l y  s l i g h t l y  w i t h  i n n e r  d i a m e t e r  no d e f i n i t e  
c o n c l u s i o n  c o n c e r n i n g  t h e  c u r v a t u r e  and c o n ta i n m e n t  e f f e c t s  can be made 
w i t h o u t  f u r t h e r  s tu d y .  For  a l l  t h e  a n n u l i  t e s t e d  t h e  powers f o r  t h e  o u t e r
w a l l s  have an a v e r a g e  v a l u e  o f  .159  w i t h  a r ange  of  ^  18 .9  pe r  c e n t .  The
powers f o r  the  i n n e r  w a l l  have an a v e r a g e  v a l u e  o f  .1 5 2  w i t h  a r a n g e  of
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per  c e n t  i n c l u d i n g  95 Pe r  c e n t  of  t h e  a n n u l i  t e s t e d .  I n  most  c a s e s
t h e  power a t  t h e  i n n e r  w a l l  i s  l e s s .  Owen ( 3 ) work ing  w i t h  f ew er  a n n u l i  
c o n c lu d e d  t h a t  t h e  power a t  t h e  i n n e r  w a l l  was a lw ays  l e s s .
F i g u r e  l 6 shows what e r r o r  r e s u l t s  i n  t h e  v a l u e  o f  t h e  p o s i t i o n  of  
maximum v e l o c i t y  when s l i g h t  e c c e n t r i c i t y  o c c u r s .  S i n c e  t h e  l i m i t s  o f  
e c c e n t r i c i t y  f o r  t h e  a n n u l i  t e s t e d  were be tween  + 2 .1  p e r  c e n t  and 
-  0 . 8  p e r  c e n t  t h e  c u r v e  shows t h a t  the  p o s i t i o n  o f  maximum v e l o c i t y  
would have  an e r r o r  m a g n i tu d e  o f  ' q* qq Pe r  c e n t .
F i g u r e  17 shows t h e  p o s i t i o n s  of  maximum v e l o c i t y  f o r  l a m in a r  f lo w  
and as  p r e d i c t e d  by r m - f *~\~^2 • Cwo ^ r o ^ en l i n e s  e n c l o s i n g  th e
c u r v e  r m = / r ^  r p  r e s u l t  f rom c a l c u l a t i o n s  u s i n g  t h e  r e l a t i o n
w i t h  l i m i t i n g  e x p e r i m e n t a l  v a l u e s  and N2 . The uppe r  and lower
= .1 8 2 ,  Np = l / 6  = .167  and N2  = 1 / 6 . 7  "  .150 .  These  two
c u r v e s  e n c l o s e  t h e  e x p e r i m e n t a l  v a l u e s  ( s e e  f i g .  5 ) f o r  t h e  p o s i t i o n  of  
maximum v e l o c i t y .  The p o s i t i o n s  o f  maximum v e l o c i t y  were c a l c u l a t e d  
from t h e  c o r r e l a t i o n  m e n t io n e d  p r e v i o u s l y  u s i n g  e x p e r i m e n t a l  v a l u e s  of  
N|  and Np f o r  a n n u l i  numbers  11, 12, I 3 and l h .  S i n c e  t h e  c a l c u l a t e d  
v a l u e s  o f  r m d e v i a t e d  from t h e  measured  v a l u e s  o f  r m by l e s s  t h a n  
h 1*07 ^0r  c e n t  t *ie assumPt l ° ns employed in  t h e  deve lo pm en t  o f  t h e  
c o r r e l a t i o n  p roduce  n e g l i g i b l e  e r r o r .  The p o i n t s  11,  12, I 5 and lh- on 
t h e  g raph  i n d i c a t e  b o t h  t h e  e x p e r i m e n t a l  and c a l c u l a t e d  v a l u e s  f o r  t h e  
p o s i t i o n  o f  maximum v e l o c i t y .
b roken  l i n e s  r e p r e s e n t  r e s p e c t i v e l y ,  = l / j  = . 1^ 3 > ^2 = V 5*5
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CHAPTER 8
CONCLUSIONS
(1)  The p o s i t i o n  o f  maximum v e l o c i t y  i s  in d e p e n d e n t  of  e q u i v a l e n t
d i a m e t e r  when th e  d i a m e t e r  r a t i o  and Reynolds  number a r e  h e l d  c o n s t a n t .
(2)  The p o s i t i o n  o f  maximum v e l o c i t y  i s  c l o s e r  t o  t h e  i n n e r  w a l l
t h an  f o r  l a m in a r  f low .  At d i a m e t e r  r a t i o s  of  . 7  t h e  p o s i t i o n s  o f
maximum v e l o c i t y  a r e  app rox im ated  by t h e i r  l am ina r  v a l u e s .  As th e  
d i a m e t e r  r a t i o s  a r e  d e c r e a s e d  t h e  p o s i t i o n s  o f  maximum v e l o c i t y  move 
c l o s e r  to  t h e  i n n e r  w a l l s  u n t i l  a t  d i a m e t e r  r a t i o s  o f  . 2  t h e  p o s i t i o n s  
o f  maximum v e l o c i t y  a r e  a pp rox im a te d  by r m = \f-r  ^ r 2 .
( 5 ) The p o s i t i o n  o f  maximum v e l o c i t y  was n o t  a f f e c t e d  by Reynolds  
numbers i n  the  r a n g e  11,000  t o  2 6 , 000 .
(h)  The r a t i o s  o f  a v e ra g e  v e l o c i t y  to  maximum v e l o c i t y  were  e q u a l
t o  .8 7 8  + 1 .7  Pe r  c e n t .
(5)  T h e re  a p p e a r s  to  be no p r e d i c t a b l e  t r e n d  a t  t h i s  s t a g e  between 
th e  powers f o r  t h e  v e l o c i t y  d i s t r i b u t i o n s  and e i t h e r  d i a m e te r  r a t i o s  or 
e q u i v a l e n t  d i a m e t e r s .
( 6 ) The powers a r e  not  a l t e r e d  by chang ing  t h e  Reyno lds  number in  
t h e  r a n g e  12 ,000  t o  2 6 , 000 .
( 7 )  For  e c c e n t r i c i t i e s  of + J .O  per  c e n t  t h e  power f o r  t h e  i n n e r
w a l l  w i l l  i n c r e a s e  above  i t s  t r u e  v a l u e  by n o t  more t h a n  th e  o r d e r  of
m agn i tude  o f  U.O per  c e n t .
( 8 ) The power f o r  t h e  i n n e r  w a l l  i s  on th e  a v e r a g e  l e s s  than  th e
2h
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power f o r  t h e  o u t e r  w a l l .
(9) For  e c c e n t r i c i t i e s  o f  + 5 . 0  p e r  c e n t  t h e  p o s i t i o n  o f  maximum 
v e l o c i t y  w i l l  move toward  th e  o u t e r  t u b e  by n o t  more t h a n  1 . 56 p e r  c e n t .
(10) When and a r e  known t h e  r e l a t i o n
may be used  to  d e t e r m i n e  t h e  r a d i u s  o f  maximum v e l o c i t y .
D i r e c t  measurement  of  t h e  d rag  on t h e  i n n e r  and o u t e r  w a l l  o f  t h e  
a n n u lu s  in  a manner s i m i l a r  t o  t h a t  employed by R o th fu s  and c o -w o rk e r s  ( 
would g iv e  the  s h e a r  s t r e s s  a t  e i t h e r  w a l l .  From
the  v a l u e  f o r  t h e  r a d i u s  o f  maximum v e l o c i t y  may be d e t e r m i n e d .  T h i s  
type  of  s tu d y  might  s u b s t a n t i a t e  t h e  t r e n d  be tween th e  r a d i u s  of  maximum 
v e l o c i t y  and d i a m e t e r  r a t i o  found i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  
C o r r e l a t i o n s  be tween  powers and a n n u l i  ge omet ry  w i l l  be n e c e s s a r y  i f  t h e  
e x p r e s s i o n
<~r' , 2  2.
X 1 = r 2 ( rm -  r i  )
T 2 r i  ( r 2 -  r m )
i s  t o  be u s e f u l  i n  p r a c t i c e .
u n i v e r s i t y  o f LIBRARY
: 27871
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
vjn
BIBLIOGRAPHY
1. R o t h f u s ,  R. R.
2 .  Knudsen,  J .  G. 
K a tz ,  D. L.
5. Owen, W. M.
4.  ' P r e n g l e ,  R. S. 
R o t h f u s ,  R. R.
5. R o t h f u s ,  R. R. 
Monrad,  C. C. 
S i k c h i ,  K. G. 
H e i d e g e r ,  W. J .
6 . W a lke r ,  J .  E.
7 . C roop ,  E. J .
8 . N i c o l ,  A. A. 
Medwell ,  J .  0.
9 .  B r i g h t o n ,  J .  A.
10. O k i i s h i ,  T. H.
11. Knudsen, J .  G.
" V e l o c i t y  D i s t r i b u t i o n  and F l u i d  F r i c t i o n  i n  
C o n c e n t r i c  A n n u l i " ,  Ph.D.  T h e s i s ,  C a r n e g ie  
I n s t i t u t e  o f  T e c h . ,  1978.
" V e l o c i t y  P r o f i l e s  i n  A n n u l i " ,  P r o c e e d i n g s  o f  
t h e  M id w es te rn  C o n f e r e n c e  on F l u i d  Dynamics, 
May, I9 5 O.
" E x p e r i m e n t a l  S tudy  o f  Wate r  Flow i n  A nnula r  
P i p e s " ,  p r o c e e d i n g s  o f  t h e  American S o c i e t y  
o f  C i v i l  E n g i n e e r s ,  v .  77* s e p e r a t e  no. 8 8 , 
S ep tem ber ,
" T r a n s i t i o n  Phenomena i n  P i p e s  and Annular  
C ross  S e c t i o n s " ,  I n d u s t r i a l  and E n g i n e e r i n g  
C h e m is t r y ,  8 7 : 379 -  380 . 1955.
" I s o t h e r m a l  Sk in  F r i c t i o n  i n  Flow Through 
A nn u la r  S e c t i o n s " ,  I n d u s t r i a l  and E n g i n e e r i n g  
C h e m i s t r y ,  77 :  9 I 3 -  $18 .  ^-955*
" C h a r a c t e r i s t i c s  o f  I s o t h e r m a l  Flow i n  Smooth 
C o n c e n t r i c  A n n u l i " ,  Ph.D.  T h e s i s ,  C a r n e g ie  
I n s t i t u t e  o f  T e c h . ,  195&.
" V e l o c i t y  D i s t r i b u t i o n  in  T r a n s i t i o n a l  Flow 
Through A n n u l i " ,  Ph.D.  T h e s i s ,  C a r n e g i e  
I n s t i t u t e  o f  T e c h . ,  195&-
"The p o s i t i o n  of  t h e  Maximum V e l o c i t y  in  
Annular  F low " ,  D . S . I . R .  R e p o r t ,  Swansea,  W ales ,  
I 9 0 3 .
"The S t r u c t u r e  o f  F u l l y  Developed  T u r b u l e n t  
Flow i n  A n n u l i " ,  Ph.D.  T h e s i s ,  Pu rdue  U n i v e r s i t y ,
1903 .
" F l u i d  V e l o c i t y  D i s t r i b u t i o n  i n  Smooth A n n u l i " ,  
M.S. T h e s i s ,  Iowa S t a t e  U n i v e r s i t y  o f  S c i e n c e  
and T e c h n o lo g y ,  I 985 .
" h e a t  T r a n s f e r ,  F r i c t i o n  and V e l o c i t y  G r a d i e n t s  
i n  Annu l !  C o n t a i n i n g  P l a i n  and F i n  T u b e s " ,
Ph. D. T h e s i s ,  U n i v e r s i t y  o f  M ic h ig a n ,  1979.
28
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
27
12. O k i i s h i ,  T.  H. 
S e ro v y ,  G. K.
l j .  B r i g h t o n ,  J .  A. 
J o n e s ,  J .  B.
I k .  N i c o l ,  A. A.
Medwell ,  J .  0.
15. Knudsen,  J .  G. 
Ka tz ,  D. L.
16 . S c h l i c h t i n g ,  H.
17. N e v i l l e ,  A. M. 
Kennedy,  J .  B.
" E x p e r i m e n t a l  V e l o c i t y  P r o f i l e s  f o r  F u l l y  
Developed  T u r b u l e n t  Flow o f  A i r  i n  C o n c e n t r i c  
A n n u l i " ,  American S o c i e t y  o f  M e ch a n ica l  
E n g i n e e r s ,  P ape r  No. 6k -  WA/FE -  32 ,  196k.
" F u l l y  Deve loped  T u r b u l e n t  Flow i n  A n n u l i " ,  
American S o c i e t y  o f  M e ch a n ica l  E n g i n e e r s ,
P a p e r  No. 6k -  FE -  2 ,  196k.
" V e l o c i t y  P r o f i l e s  and Roughness  E f f e c t s  i n  
Annu la r  P i p e s " ,  J o u r n a l  o f  M echan ica l  
E n g i n e e r i n g  S c i e n c e ,  v .  6 ,  No. 2 ,  196k.
" F l u i d  Dynamics and Hea t  T r a n s f e r " ,  McGraw -  
H i l l  Book Company, 1958.
"Boundary Layer  T h e o r y " ,  McGraw-Hil l  Book 
Company, i 96 0 .
" B a s i c  S t a t i s t i c a l  Methods f o r  E n g i n e e r s
and S c i e n t i s t s " ,  I n t e r n a t i o n a l  T e x tbook  Company,
196k.





ANNULUS TEST NOi 1 












0 .7  0 .8  0 .90 .2  0 .3
r  -  r i  
r 2 -  r l
F i g .  L EFFECT OF EQUIVALENT DIAMETER ON VELOCITY PROFILES 
(Diamete r  R a t io  and Reynolds  Number C o n s t a n t )














r m ~ r l






•  C o r r e c t e d  Va lues
0.7  0.8  0.9  1.0
D2 -  Di ( i n  i n c h e s )
F i g .  2 POSITION OF MAXIMUM VELOCITY VERSUS EQUIVALENT DIAMETER 







T e s t  No. 6 
D ia .  R a t i o  ( . 6 9 8 )0 .9
0 .8
. 0
( . 621 )0 .9
0 . 8
0









0 . 1  0 . 2  0 . 3  O.lj- 0 .5  0 .6  0 .7  0 .8  0 .9  1 .00
r  -  r l  
r 2 ~ r l
F i g .  3 EFFECT OF DIAMETER RATIO ON VELOCITY PROFILES
( E q u i v a l e n t  D ia m e te r  and Reyno lds  Number C o n s t a n t )
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

































































0 . 2 B r i g h t o n
Author
0
0.6 0.80 0.2 1 . 0
I I
r 2
F i g .  5 POSITION OF MAXIMUM VELOCITY VERSUS DIAMETER RATIO
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
>
l>
T e s t  No. 9 ( e )  











0 .1  0 . 2  0 .5  O.k  0 .5  0 .6  0 .7  0 . 8  0 . 9  1 .00
r  -  r l  
r 2 -  r l
F i g .  6 EFFECT OF REYNOLDS NUMBER ON VELOCITY PROFILES
( E q u i v a l e n t  D iam e te r  and D ia m e te r  R a t i o  C o n s t a n t )












































































































































0.1  0 .2  0.3  0. i+- 0.5  0 . 6  0.7  0 .8  0 .9  1 .00
r  -  r l
r2 "  r l
F i g .  9 EFFECT OF ECCENTRICITY ON VELOCITY PROFILES
( E q u i v a l e n t  D ia m e t e r ,  D iam e te r  R a t i o  and Reynolds  
Number C o n s t a n t )
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
«3
l<
T e s t  No. 11+ 




( . 3 8 1 )
0 .8
0 .9




0 .1  0 . 2  0 . 3  0 . 1+ 0 .5  0 . 6  0 .7  0 .8  0 .9  1 . 00
r  -  r i  
*2 ~ r i
F i g .  10 VELOCITY PROFILES FOR POWER LAW DATA
(O u te r  D iam e te r  and Reynolds  Number C o n s t a n t )














I n n e r
Wall
VELOCITY 


















I I I T T
T e s t  No. 5 
d2 -  D1 = ( -5 1 0 )
( . 7 4 0 )  4
>o (• 155 ) r
( . 868)
( 1 . 1 4 0 )  2
. (1 .230)  1
Power
( . 1 5 0 )
2 2 * 5 5 5 . 5  4 4 . 5  5
DISTANCE FROM WALL ( i n  i n c h e s  x 10^)
F i g .  11 EFFECT OF EQUIVALENT DIAMETER ON VELOCITY DISTRIBUTIONS 

















I n n e r
Wall
30
T e s t  No,
( . 090 )
( . 1 3 5 )
Power
( . 1 5 4 )
T e s t
No.




6 .6 4 8
3 .4 2 2
VELOCITY 
( i n  f t / s e c )





( . 1 5 0 )
( . 161)
T e s t Power
No.
e 6 ( . 1 6 7 )
•  7 ( . 1 8 1 )
( . 1 2 9 )
30 40
DISTANCE FROM WALL ( i n  i n c h e s  x 10 )
F i g .  12 EFFECT OF DIAMETER RATIO ON VELOCITY DISTRIBUTIONS 















T e s t  No. Power
6 0 —
I n n e r
W all
VELOCITY 
( i n  f t / s e c ) Re. No.
9 ( e )
9 ( d )
Oute r
W all 9 ( c )
2 . 5  3 3 .5  ^ . 5  5 61 .5 7 8 9 102 15 25 30 35 *t0 5020
DISTANCE FROM WALL ( i n  i n c h e s  x IQ2 )
F i g .  13 EFFECT OF REYNOLDS NUMBER ON VELOCITY DISTRIBUTIONS 














10(d ) 1 0 ( a ) (gap  + . 000)
10(b )  (gap  + . 015 )
10 (c )  (gap  + . 009 )
10 (d)  (g ap  -  . 009 )
1 0 (e )  (gap  -  . 0 15 )
t 1 =  .581




+ 1 . 0
10(a )
10(c)- 1 . 0
10(e )





I 0 ( c10(d) 1 0 (a )
+ 1 .50- 5 . 0 + 3 . 0
PER CENT ECCENTRICITY
F i g .  Hr PER CENT CHANGE IN POWERS VERSUS PER CENT ECCENTRICITY
( E q u i v a l e n t  D i a m e t e r f D i a m e te r  R a t i o  and R e yno ld s  Number C o n s t a n t )
.1
80
1-4 i-t Lf\VQ LfNCO K\OJ (M M3




































































1 0 (d )
'  r  ....................... "  r  .. ......................
------------------e>------------
1 .....  "  "
1 0 (b )
------------------------- O  - --
1 0 (a ) 1 0 (c )
1 0 (e )
1 0 (a ) (gap  + .0 0 0 )
10(b ) (gap  + . 015)
1 0 (c ) (gap  + . 009)
1 0 (d ) (g ap  -  . 009)
1 0 (e ) (g ap  -  .0 1 5 )







= .7 5 1  
1
-4 .5 - 3 . 0 ■1.5 0 + 1-5
PER CENT ECCENTRICITY
+ 5 - 0 +4.
F ig .  16 EFFECT OF ECCENTRICITY ON THE POSITION OF MAXIMUM VELOCITY






A C a lc u la te d
0.2
0
0.6 0.80 .4 1 . 00.20
II
r 2
F ig . 17 RELATION FOR THE POSITION OF MAXIMUM VELOCITY
"  j i  i\  1 F 1 V
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
w l  U.
F ig .  18 BLOWER AND MOTOR ARRANGEMENT
■miilHllMl!
F ig . 19 ANNULI SUPPORT AND MANOMETER SYSTEM
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
F i g .  20 PIN SUPPORTS
F i g .  21 TRANSITION PIECE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
F ig .  22 PITOT TUBE -  MICROMETER ASSEMBLY
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
VITA AUCTORIS
1938 B orn i n  T o ro n to , O n ta r io .
1958 G ra d u a te d  from  H um berside C o l l e g i a t e  I n s t i t u t e ,  T o ro n to .
1964 G ra d u a te d  from  th e  U n iv e r s i ty  o f  W ate rlo o  w ith  a  B. A. Sc. in
M e ch a n ica l E n g in e e r in g .
1964 E n r o l le d  i n  a  M a s te r 's  p rog ram  i n  M ech an ica l E n g in e e r in g  a t  th e  
U n iv e r s i ty  o f  W indsor,
k 3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
